Extracting the Gluon Piece of o v

the Spin Puzzle *
New Inclusive Jet *74 R

Results From

Renee Fatemi

Massachusetts Institute of Technology
April 17, 2007




The Spin Puzzle — Key Question in
Standard Model QCD

99.9% of mass of the visible universe
composed of quarks and gluons -
the building blocks of the nucleon
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No access to free partons due to
confinement! The proton is a stable
and abundant source of partons
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No access to free partons due to
confinement! The proton is a stable
and abundant source of partons




Asymmetries Access Spin Degrees of Freedom

30 years of DIS RHIC
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Relativistic Heavy lon Collider

...worlds 1st pp Collider

STlARI
Y
®

PHENIX IR

Siberian
Snakes

Spin Rotators

= 100 GeV beam proton beams

= Each bunch filled with a distinct
polarization state

= Spin Rotators at STAR IR

allow for transverse and

longitudinal spin orientation

= Bunch Xings every 100-200ns

= CNI polarimeters + Hydrogen
Jet target provide run by run &

ff,;agr}fl]’gif:é absolute polarization
pp Run Year FOM=PL 2002 2003 2004 2005 2006
< Polarization> % 15 30 40-45 45-50 60
Lnax [ 1030 s7lem2] 2 6 6 16 30
L.« [pb']at STAR (L/T) 0/0.3 0.3/0.25 04/0 3.1/ 01 8.5/
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R  Detector at RHIC

t J EndCap
EMC TPC Charged particle
Barrel / e In|<1.4 momentum
EMC ——E—— e
- | TPC BEMC Neutral Energy
In|<1.0 High pT Trigger
HE—N%—
D e e — e ————
| EEMC Neutral Energy
BBC nl ? \ 1<n<2 High pT Trigger
East : BBC
H West
L] L BBC MinBias Trigger
] o 3.4<n<5 Relative Lumi
J L (also ZDC)
ﬁ
Blue beam n = -In[tan(6/2)]
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% Trigger

Composition of PP Events

Mother Elastic, single+doubly diffractive,
Nature hard scattering — gg+gg+ gg+ qgq

Interaction

Minimum
Bias

Requires in-time hit in ExXW BBC.
Very little change in hard
scattering process mix

Vertex

High Tower

1 tower (An=A¢=0.05) above threshold
Requires hard neutral fragmentation

Jet Patch
(2005/6 only)

400 localized towers (An=A¢=1) above
threshold. Allows for cluster of softer
fragmentation
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ﬁﬁﬁ Jet Algorithm

Midpoint Cone Algorithm (hep-ex/0005012)
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- Collinear and infrared safe -

= Jet Cone Radius = 0.4
= Split/Merge = 0.5

= Neutral Energy Cut R <0.8(0.9)
to remove backgrounds

» Use Simulation (MC) to provide

correction to RAW jet yield
PYTHIA 6.205 (CDF Tune A) +
GEANT (Geisha)

Corrected PYTHIA JETS

JetYield = bpatasers X

GEANT JETS




Inclusive Jet Cross-Section Analysis

» Use Simulation (MC) to provide ik
correction to RAW jet yield F
- trigger and jet inefficiencies

- jet resolution & bin migration 107 | .
- undetected particles (n + v) g : = Minbias
_PYTHIA 6.205 CDFE Tune A - ¥ -JP2 o
- GEANT (Geisha) w2/ * HT2
- . h ...... ..... PYTH]A
= Verification of DATA/MC A C(p;)= GEANT(p r)
agreement essential /S I S——— (PT)
1075 10 15 20 25 30
[ Jet pT 6.15-11.44 GeV | [ Jet pT 17.3-32.22 GeV | Jet pT (GeV)
e // . ‘ B S.TAR Preliminary The shape of the
w'E . w Fraction of Neutral
w} \\ / Energy in the Jet (EMF)
0E is sensitive to the
‘°". 4 trigger bias as well as
wb oy w0’ S contributions from
A e 1 | oo beam background.
TR S el Enecy Ratio EME) R A
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2003/2004 Inclusive Jet Cross-Section Results

8 L LN B B 1 T LI T T =
10°F | | ' |1 do 1 N, 1 1
- Phys.Rev.Lett 97 252001 (2006) =" ' '
10 Q 4 (2006) = |2m dndp, 2m AnAp, det c(pT)
§105; p+p = jet + X —;;
3 | \5=200 GeV ﬁ = 3 point overlap between HT
Z40°k midpoint-cone
=V E 04 - and MINB show good agreement.
Q. - cone . :
j=IpIin 0.2<n<0.8 . _ _
?m - = 50% systematic shown in
=10% < yellow band comes from
:102 | ' uncertainty in jet energy scale.
. R 0 .
= Gombined MBS ; Need s~ and/or gamma-jet to
105~ —®— Combined HT = reduce this error.
—— NLO QCD | Phys.Rev.D70 034010 :
E NLO + Nonperturbative - = Application of hadronization
18: b e e w10 correction removes systematic
e OE Systematic uncertainty =
.g 1-43 ................. Theory scale uncenainty f Offset from NLO and data-
T 10— I —— e e s o
LS L e e = = Agreement good within
0.2F ‘ 3 systematics over 7 orders of
0 10 20 30 40 50 P
p, [GeVic] magnitude
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2005 Inclusive Jet A, | 1 Nrole _ R. yantiparallel
PY PB Nparallel + R- Nantiparallel

- 0.2 ~  *Theory curves from B.Jager et. al., PRD70 (2004)034010
< - GRSV curves®
- AG=-G STAR Preliminary .
- AG=0
01 AG=sTD
0.05
-0F q@ =
- + .
0.05 |
-0'1111111111'1111[111111111'1111'11
0 5 10 15 20 25 30

Measured Jet P, (GeV/c)

Systematic band does not include 25% scale error from polarization
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2005 Inclusive Jet A | | | pradliel _ g . pjantiparallel
P P NParallel + R- Nam‘iparallel
< B

0.2[
< P O TTkiww
015 — aG=0
: & 2((:;(!: E{BR Praliminary 2005 A I
B El 2003/2004 STAR i . LL IS
0.1 consistent
- — with
0.05 previous
- 2003/2004
oF =l results.
- u) . v
-0.05[— +
-0'1 1 1 1 1 l 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1
0 5 10 15 20 25 30

Measured Jet P (GeV/c)

Phys.Rev.Lett 97 252001 (2006)
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2005 Jet A | Systematics

effect (x 10 3)
False Asymmetries <6.5

<m>2—12
TriggerBias 1 (pydependent)
Non-longitudinal 3
Polarization

Relative Luminosity |2

Backgrounds <1
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Jet Resolution

On average PARTICLE Jets are E 20 10°
reconstructed in the DETECTOR & 10°
with 20% increase in pT g 25 .
REASON: ~25% Jet Resolution + E 10°
Steeply falling jet pT distribution =~} 10°
10°
0.1 10°
0.08|- ' . ! ‘ 10°
S N 1
oosl- AG=G , = 38 S 1
- L8 [ 5 10 15 20 25 30
- 1 DETECTOR Jet pT (GeV)
T 1 It e —
U  AG=0 Systematic offsets in pT cause
E ' s} dilutions of the jet asymmetry
1| — ‘..-lu‘ ........ L IO l.l ...................................................... Wthh depend on the Slze Of

L L L L L 1 L 1 1 L 1 L L L 1 ' I L 1 L 1
5 10 15 20 25 30
JetpT (GeV) the asymmetry!
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Jet A, Systematics: Trigger Bias

0.8 T T T T T T T T T T T T T T T T T

“Mother Nature’s” Mix 1 The trigger biases_jets toward higher
oo L 1 neutral energy. This may change
' e S 1 nature’s mix of qg+qg+gg and

therefore change the asymmetries

- .
.
.
.
\ .
O -

i ADET _ ATRIG
02 |- — LL LL
i 0.014 E_ ........................... \ ................................................................................. \ ...........................
| J — = HT2 Trigger Bias
0 T T T 0.012| - ISR S S
0 10 20 30 pT(GeV) 0.01; = JP2TriggerBias : ¢}
. . 0.0081 I ___________________ [— I
Trigger Bias: i |
0.006 .
. JP<<HT i 0

= AA /A — larger atlow pT  oos | +
e

o
Total Systematic: ]
-0.002[

PARTICLE TRIGGER 0,004 R L S

5ALL ES ALL - ALL 5 — l1o — I15 — I2° — I25 — '30
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Constraints on AG

— 3 N
O E PR Uncertainties from Ag(x)
o - . Pol. uncertainty
i A shape and pQCD scale
10" not included
- *
B . NN
B I (x) AN \ 200 7
1072 3 I ' /500 -
= STAR Preliminary i f’ e
3 B | 3R
10 E ? Ioé, E . g 10.2:_
L o)) b= w b= o
C S > 7 > 7
—‘% m‘& 7 4y
4| £ @ o 0 10 20 p [GeV] ¥
10 = O o ) T
— | u - ]
- | : | GRSV DIS best fit = 0.24
—1 R B R N B I A * ' B 10 = _045 to 07
-1 -0.5 0 0.5 1 Phys.Rev.D63 094005 (2001)
A g (1?=0.4 GeV?)
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Estimated 2006 Inclusive Jet Asymmetry Sensitivity

—> jet + X at ys=200 GeV 1< f*< 1

Ty
+
T

*[ncrease in - 0.1
sampled luminosity <

*Polarization ~ 60%
(FOM is P4L) 0.06

*Entire BEMC

instrumented 0.02
*Beamline shielding -0F
installed -
-0.02—
*Greater emphasis 0 045
on high p; jets and Tr
dijets with triggers PP AV AN AN VIS EVAVITN ETIFE AR R VAT I

6 8 10 12 14 16 18 20 22 24 26
jet P, [GeV/c]
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Di-jet Analysis = Access to Partonic Kinematics

Invariant Mass [GeV/c?] n,+n, cos*

log X
NV I T I 08 —— =13 T
B L1 el ot P P P F
IR E L2
Y I WO U U NN SO '
PN O e s W Y e SR R
| e P EoE b A
- : : — S T S S SR S N
1af. '_E .................. 1L RERTIE I Tz I a,;]. COS 9
E'| & Data A E & Datz qﬂ
o] | o] b
1 --------- |"i"|"r ------ |"i"|""i"i"|- i""r -------- 1_i.l.l.rl.l.ii|.I.I.I.I.“ii.Ii.l.l.l.iii.I.I.I..rl.iiii.l.l.l.l.iii‘l‘li‘l‘l‘ii
i it 41 [ ap R li0] ﬂa 005 31 015 &2 0325 0.3 235 04 045 08 xz

¥ I ndf 22.42 19 ¥ I ndf 26.47 /13 2 I ndf 5476/ B
pl 0.9742+ 0.0224 pl 0.9953 + 0.0292 pl 1.006 + 0.031

Data/MC
comparison
complete.
‘05+'06 X-sec &
A | in progress!
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) n 41 £ EC T B 2 B [ 1 z 1 0 005 0.1 045 0.2 0.25 0.3 0.35 0.4 0.45 0
M n,+n, e
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Take Away

* The RHIC spin program accesses AG directly through inclusive
jets as well as charged and neutral hadrons

* STAR inclusive Jet Asymmetries provide a significant
contribution to the global understanding of AG

* The inclusive jet measurement is still statistics limited

» The STAR Spin program is entering a very rich phase of
correlation and direct photon measurements, while continuing to
expand the p; reach of the inclusive channels.

= A Global Analysis incorporating the world dataset, along with
future precision measurements in x space, are needed to
provide a complete and definitive answer.
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BACKUP
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Comparison 10

to World
Data

—
o
N

STAR results are in
good agreement with
fastNLO theory
(hep-0609285)

data / theory
o

Essential to provide
high x pdfs as A;|
results push to higher
pT!
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inclusive jet production

in hadron-induced processes
©
i f f Qoff (x400) VS =200
Vs =300 gev -
5@‘?” (100 H
Vs = 318 GeV " D|S ' %EBE
d—tefhem s
¢ ZEUS
Vs = 546 GeV (x 16)

¢ CDF 01<lyl<0.7 f%ﬁé % }
Vs =630 GeV o ‘
* DO lyl<05 1 Jﬁ“ﬂ;;ﬁfﬁ; ¥

Vs = 1800 GeV
T

© CDF 01<lyl<0.7
* D@ 00<lyl<05
+ D@ 05«<lyl<1.0

Vs = 1960 GeV

= CDF cone algorithm
s+ CDF Kk, algorithm
all pQCD calculations using NLOJET++ with fastNLO:
a(M,)=0.118 | CTEQ6.1MPDFs | = W = Pr g
NLO plus non-perturbative corrections

o STAR 02<lyl<0.8

fastNLO

hepforge cocar.ac ukfastnio

GeV

PP

150<o"< 2oo<3ev’
200<0 < 300GeV
300<Q° < sooeev
800 < Q° < 3000 GeV*

125<o~’< 2so<3ev”
250 <Q° < 500 GeV’
500<o7<1ooo<3ev’
1000<Q <2000GeV
2000 < Q° < 5000 GeV*

pp-bar

| pp, pp: incl. threshold corrections (2-loop)

10 102

pr (GeV/c)




A, Systematics: False Asymmetries

++ —— Y+ Y-
A= N++_N__ Parity Violating and Single Al = NY _NY
N™"+N Spin Asymmetries should be N"+N""
N* - N-* negligible at current RHIC . NP N
— - . » A —
Ay NN energies and statistics LT B N
We observe 1-3c single spin asymmetries, 0.02
depending on the neutral energy cut. F ¢ AL
0015 © AZ
Y A
Source of these asymmetries still unclear b & AL
AYand A non zero - Suggests caused by iy l
one anomalous spin state of } ? |
Uncertainty bounded by A qqn S U T T S D B

" A x AL
= A =79%52x10% = 0A, <0.0065
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A, Systematics: Non-longitudinal Beam Polarization

Non-longitudinal beam polarization changes A, :

SA = =ltan @, tanHYcos(qu - (/)B)AZI

To bound this effect,

= Calculate A, from transverse data: |A; | < 0.1

=> Estimate the beam transverse polarization component
= Local polarimetry (BBC up-down and left-right asymmetries)

= 164" 1<0.003
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A | Systematics: Relative Luminosity

Calculated using the BBC: [ paralel

Systematic estimated as the
difference between

Cross-checked using the A (R.) and A. . (R. + 0.001
Zero Degree Calorimeter (ZDC), 1(Ry) and A, (R; + 0.001)

another luminosity monitor

37 Lantiparallel

e ARJGR,(+0.001)

Difference (below) interpreted as a systematic O ARJ/6R,(-0.001)

on the relative luminosity

-
3 - ®
R5;(BBC) - R3(ZDC) | - .
0.1 0.2
B u .
N 0.1__ Y
0.05 T - P
- RS IS u *
-: %."; /’ M '::';A o # " ° :_. =
e g R g e C - -
: e 3RS ot
L ’ it -2 o O
oS ' o 0.2 O
- C O
B S A S S M ‘0-3:_D o O ALL(R3 - 0001) - A|_|_ (R3)
0 200 400 600 800 1000 1200 [ g T S T A ST R S N ST R SN A BN | |

Difference between BBC and ZDC is 0.001 10 ' 20 32t P, (333)
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A, Systematics: Background Estimate

Background manifests itself as jets _ ‘Background
with large neutral energy deposit rermoved
, - ‘T from
g | -
meas (p )= ALL (pT )"' fbg (pT )X ALL (pT ) 1'% analysis
o 0T 1+ £, (p,) | e
bg T l P S S S RN TR S S N S S S R :. |
: Jet Ep\/E
2500_ 0.6
- Difference between High +| go_s e Bkg [0.00.8]: 0.014 +/- 0.012 JP2
20005— Background and Low | j =) e Bkg [0.0-1.0]: 0.035 +/- 0.011
1so0- Background Samples %’E
ook Fyee =0.0014£0.0012
. AN
soob ! I
é | | | Lo : :
3 PP T
N B S S B NI X ¥

wc/Ey




A, Systematics: Random Pattern Analysis

The random pattern analysis randomly creates new spin
states for every run. 1000 random patterns were used.
The RMS of the distribution of the ¢ s is smaller (within
error) than the statistical error, so the systematic error
from bunch-dependent correlations is zero.

Random Pattern Analysis Means, all, PROPLUMI, ALL lhhistoO ‘ Run Asymmetries for One Random Pattern, all, PROPLUMI 657 / 593
;"t"es ] 3621 03: Prob 0.03474
O ST SOS RSO OOPUSUPTE SOOUOPRPRPORONE I S ean R e- : H H H
: RMS 0.000659 p0 : -0.000463 : 0.0006694
: 12 | ndf 19.05/17 0-1 o]-eseissmeneninsionsarnnssesenassessannsedsanssanssassasnnnssnasrnsivanssnassassssanaasruesnensiusresinassrsssonsesassamsey
10? e =N Prob 0.3255
Co Y| Constant 121+:4.8
Lo, z - Mean 8.6e-05 = 2.1-05 0.05 — -zl f s b T T e B i T S e TR

g Sigma 0.000648 + 0.000016

IIIIIlIIIIIIIIIIIIIIIIIIIII

SRR ROV SRR NS SO APU SO SO SRR SRS N SO 0
o= 0.05F b 3 AT 01RO ______________________________

________________ A 1 T

s | | """ | | “““““ ] “““ A | ..... e ix103
-0.01-0.0080.0060.0040.002 0 0.0020.0040.0060.008 0.01 6120 6130 6140 6150 6160 6170 6180
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Theoretical Scale < — et o
Uncertainties g

Vary x2 Factorization and 0
Renormalization Scale (u= ug)

IIIIIIIII

-0.05
0-2 -01llllIIIIIIIIEIIIIIIllllIIIIIlllllllIlllll llllllll
4 5 10 15 20 25 30 35 40 45 50 55
< [ — aG= Max jet p_[GeVic]
B - AG = MIN T
015 —— 4g-0 <,::.'0-15_ g
[ —— AG=5TD I
- 0= 2005 STAR Proliminary " . mus=pt
0.1 04— — Mus2pt AG= std
0.05 . 0.05
: /———_- -
-oz—rg:%( T
-0.05F o0st
-0.1 llllllillllﬁ Illlll]lllllllllllll. ‘01_|||||||||| ||||| |||||I|||||||||I|||||||||I|l|||||||
0 5 10 15 20 25 30 5 10 15 20 25 30 35 40 45 50 55
Measured Jet P; (GeV/c) jetp_ [GeVic]
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Dedicated DIS AG Measurements

A\ 4

AG/G

=PGF is access to
AG in DIS

= Look for high-pT
pairs

» Open Charm is
golden channel
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...from SPIN 2006

fit with AG>0, MS scheme, Q*=3(GeV/c)?

I} ==mcoooos fit with AG<0, MS scheme, G?=3(GeV/c)?
0.8} * COMPASS, open charm, u2=13(GeVic)?, prel.
| o) COMPASS, high p._, @’ <1(GeVic)?, prel.

: v COMPASS, high p._, @’ >1(GeVic)?, prel.
0.6 O SMC, high p_, Q%*>1(GeVie)
I A HERMES, high p_ all Q*
04— ’
0.2
.0 :;rr“‘m..

0.2

0.4




Constraints on AG |l

<0.14
0.12

—@— 2005 STAR Data Preliminary analysis by

— GRSV-std
—— GRSV Ag=g ® Vogelsang & Stratmann

m— GRSV Ag=0
s GRSV AQ=-g
Ruled cut with CL > 95%

01

- —
= AG=1.2h
0.08 = —— ' 2
- . — p— —_—f— - — 4
e e e e ™ tet™ = . —_—
e W Q O
e e L —— ] >
= '_:::: - E fﬁ fﬁ";—; _’_,_,-::_: e ____,_,_,——__-_____,_—-_F | _4/ —
: e - : e
e g e
e
™™ — J—— —
i i <« AG = O 24 h
0'04 e i . J
R iy —— —
iy
~ ™
i e

i\
\

0.02

NN

] ' (x)

-0.02

|III|III|IIIIIIIlIIIlIII|III|III|III|I

-0.04

| | |
30
jet P (GeVic)

o —
-
o
-
(4]
N
o
N
(4]

GRSV DIS best fit =0.24 10 =-0.45t0 0.7
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How RHIC works for pp

o

R -

9.

ye

Optically pumped Polarized H- source
H- source is stripped and pumped into Booster - a fast cycling cyclotron

Injected into Alternating Gradient Synchrotron at 2.35 GeV and
accelerated to 24.3 GeV

Injected into RHIC ring at 24.3 GeV and accelerated to 100 GeV
The H- jet target was installed in 2004 to calibrate the CNI polarimeter
Two Siberian Snakes are used to preserve polarization of beams

Challenge for the future is to overcome expected resonances and
preserve polarization beyond beam energies of 100 GeV.

CNI provides 10% error

Absolute normalization from Jet Target provides 20 % error per beam.
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